ABSTRACT Based on the device physics, a simple and fast method of extracting contact resistance in metal oxide thin-film transistors (MOTFTs) is proposed through the I-V characteristics. This method divides the channel into two parts: the contact channel and the intrinsic channel, and assumes the electrons injected into the active layer at the source side are completed in the line injection. Using the I-V characteristics, the contact voltage can be obtained, and then the contact resistance can be extracted. The results indicate that contact resistance in MOTFTs depends on V g , V d , and L. Applying the extraction results, a dc drain current model considering contact resistance is proposed. Using this model, we can accurately describe the measurements of MOTFTs with channel lengths scaling from 50 μm to 10 μm. Through the extensive comparisons between the model results and the numerical iteration or experimental data, the validity of the method is strongly supported. This extraction method uses non-numerical iteration, which is simple, fast, and accurate.
I. INTRODUCTION
Compared with amorphous silicon (a-Si), polysilicon (polySi) and organic thin film transistors, the metal oxide thin-film transistors (MOTFTs) have high carrier mobility, good uniformity and bending performance, low process temperature, and low cost deposition [1] , [2] . Hence, MOTFTs have been found wide applications in the flexible circuits and active matrix organic light emitting diode (AMOLED) panels, etc. In the future applications, MOTFTs will also be applied to flexible Radio Frequency Identification (RFID) circuits [3] , digital and mixed-signal circuits [4] , biologically restorable biosensors and circuits [5] , and so on. To improve the technology of MOTFTs, a full understanding of device physics in the oxide TFTs has become increasingly important.
As the device size continues to shrink, contact resistances in high-mobility and/or short channel TFTs seriously affect the device performance. It has a double detrimental effect. In other words, it reduces the effective gate-source overdrive, thus resulting in a lower channel accumulation, and it also reduces the effective bias applied to the intrinsic drain-source channel [6] , [7] . In some situations, the contact resistance may become comparable to, or even larger than, the channel resistance [8] , [9] . Therefore, an accurate extraction of contact resistance plays an importance role in modelling, and makes us an in-depth understanding the device characteristics.
In the last few years, several extraction methods for a-IGZO TFTs have been proposed. Terada and Muta [10] and Chern et al. [11] first presented an approach to show the relationship between the total measured channel resistance and different mask channel lengths. Based on the approach, transmission line method (TLM) [12] was used to extract contact resistance. For a fixed gate voltage, the total resistance (R T ) shows a linear relationship with the channel length (L). By measuring the device characteristics at different L and by plotting R T versus L, the contact resistance (R c ) can be extracted by a linear extrapolation of R T -value for L = 0. However, the TLM method requires the measurements at different L and is only valid in the linear mode at low V ds . In addition, it assumes that R c is independent on L, even though an explicit L-dependence of R c is observed in practical a-IGZO TFTs [13] . It is important to note that, TLM is not allowed to extract R c at high V ds . Servati et al. [14] assumed a negligible contact resistance contribution for the long-channel transistors, but it was only valid in the linear regime. Considering any possible asymmetry in the S/D side, Ortiz-Conde et al. [15] - [17] and Raychaudhuri et al. [18] first independently put forward a simple method to extract the difference between the drain and source series resistance. Then Bae et al. [19] proposed a parallel-mode capacitance voltage (PMCV) technique for a separate extraction of R S and R D in individual a-IGZO TFTs. However, the relationships between R c and other parameters such as L and V ds , are not given in this method.
In this paper, we propose a physical-based straight forward extraction technique for contact resistance in MOTFTs. The channel is divided into the contact and the intrinsic parts [6] , [20] . The line injection is assumed when the electrons are injected into the active layer at the source side. The method requires only two measurements, assuming that contact effects are negligible in the long channel transistors. Then, it can be applied to high V ds . From the extraction of contact resistance, it is found that contact resistance in MOTFTs increases with the decrease of V g , V d , and L. By fitting the contact resistance for various conditions, an empirical model of R c can be obtained. Combining the contact resistance with DC model, we can accurately describe the I-V characteristics of MOTFTs with channel lengths ranging from 50 µm to 10 µm.
II. EXTRACTION OF CONTACT RESISTANCE
In deriving the approach of extraction, an IZO TFT with staggered bottom gate structure is considered as an example, the structure diagram of which is given in Fig. 1 . We introduce an assumption of zero potential at the back surface for the IZO active layer to obtain analytical model for the drain current. This assumption has its limitation for thinbody devices, but it is workable for modelling metal oxide TFTs [21] . As shown in Fig. 1 , a general approach to analyze the contact characteristics is splitting the channel into two parts: a small contact region, where there is a voltage drop V c (i.e., contact voltage), and the main channel, where the voltage drop is V d − V c [6] , [19] . Considering the contact effect, the drain current can be obtained as [22] 
where μ eff is the effective mobility, Q s is the mobile charge density per unit area, φ n is the channel potential, and L c is the effective contact length actually contributing to the charge injection [6] . The contact length depends on the a-IZO thickness (T s ). When T s ≤ 100 nm, the contact length can be approximated as L c ≈ 5T s [7] , [8] . Hence, the contact voltage V c can be calculated by the numerical solution of (1). In order to analytically solve the contact voltage, the charge-sheet model (CSM) is used to predict the drain current. For the extraction of contact resistance, the devices are restricted to operate in the turn-on region. Thus, assuming only the drift component is dominant, we can write the drain current as [23] 
where ϕ s is the surface potential. Integrating Eq. (2) under the boundary condition:
the drain current can be obtained as
where V fb is the flat-band voltage, and γ = (2ε izo qN b ) 0.5 /C ox is the body factor. Note that (3) is valid for the intrinsic channel. If the contact effect is considered, similar to (1), Eq. (3) should be rewritten as
where ϕ sc is the surface potential at the contact side, i.e.,
Here, the surface potential at the contact side can be approximated as ϕ sc = ϕ ss + V c , which matches well with the result in [23] . The contact voltage method also assumes the contact resistance can be ignored in the long-channel TFTs, as verified by the measurements in [24] . Therefore, for the long-channel transistors, drain current can be expressed by Eq. (3). Nevertheless, for the short-channel TFTs, drain current should be described by Eq. (4). Consequently, we define DI d as
where the subscripts "max" and "min" indicate the longand short-channel devices, respectively. Substituting Eqs. (3) and (4) into (5), we have
where V gb = V g − V fb . Equation (6) can be rearranged as
Due to the complication of Eq. (7), we assume that
where the initial values of α and β are defined as 0.5. Substituting Eq. (8) into (7), the initial guess of V c0 can be obtained by solving the quadratic equation
where A = −0.5 − 
To further improve the accuracy of the obtained contact voltage, the Schroder series can be introduced as
Retaining the first two terms of the Schroder series, we can get the correction term ω as
where y ω and y ω are the first and second derivatives of y w versus V c . As a consequence, a more accurate and complete contact voltage can be expressed as
Therefore, the contact resistance R c can be obtained by using R c = V c /I ds when V c is extracted by (13) .
III. DEVICE MODELING
For the MOTFTs, both the tail and deep trap states have great influence in a DC model [25] , and the gate voltage V g can push the Fermi level over the conduction band edge and both nondegenerate and degenerate transports are observed [26] , [27] . A surface-potential-based DC model accounting for the charge transport in both nondegenerate and degenerate conduction regimes has been proposed in our previous work [28] , i.e.,
where M is a fitting parameter reflecting the slope of the output characteristics in the saturation region due to the channel length modulation (CLM) effect [21] , V deff = V ds − (ϕ sd −ϕ ss ), and m 2 is a weight parameter. I ab and I sub are the drain currents in the accumulation and subthreshold regions, respectively, which can be expressed as [28] (16) where N c is the effective density of states at E c , φ t = kT/q is the thermal voltage, χ = 2T t /T, G t = 2 1+3T/2Tt qg c θ t φ t T t /(ε izo T), and G f = 2 5/2 qN c θ t /ε izo . Functions of f ab (ϕ s ) and f sub (ϕ s ) can be read by
The calculation of surface potential ϕ s uses the high precision algorithm proposed by [28] considering the degenerate conduction. However, Eq. (14) does not include contact effects. For large carrier mobility and/or small channel lengths, the contact resistance may become comparable to, or even larger than, the channel resistance [8] , [9] . As a result, the contact resistance must be considered in modelling. Including the contact resistance, (15) and (16) can be re-expressed as
Herein, ϕ sc ≈ ϕ ss + V c = ϕ ss + R c · I ds . Therefore, the final drain current model can be acquired by substituting (19) and (20) into (14) . This current expression can be applied to device modelling with different channel lengths.
IV. RESULTS AND DISCUSSIONS
As shown in Fig. 2 , the transfer characteristics of a-IZO TFTs with different channel lengths were measured by Agilent B1500A. The fabrication process was similar to that of [29] . A 30 nm thick IZO film was deposited by RF magnetron sputtering, and the doping proportions of In 2 O 3 :ZnO were equaled to 1:1. The measured gate capacitance per unit area was C ox = 48.2 nF/cm 2 . The devices were fabricated with various channel lengths of 10, 15, 20, 30, 40 , and 50 µm, and with channel width fixed to 100 µm. The measured a-IZO permittivity is ε izo = 11.5ε 0 , where ε 0 is the vacuum permittivity.
As indicated in Fig. 2 , the normalized drain current (I ds L/W) decreases as the channel length is decreased, representing a clear evidence of the increasing influence of contact VOLUME 7, 2019 129 effect on the short channel device characteristics. Here, we use the I-V characteristics of both long-channel (L = 50 µm) and short-channel (L = 10 µm) devices to get the value of DId according to (5) . As a consequence, the contact voltage of a-IZO TFTs with L = 10 µm can be obtained by using (13) . The comparison of the proposed contact voltage solution (13) versus numerical results is given in Fig. 3 . The agreement with the numerical results is good. In order to validate the approximation: ϕ sc = ϕ ss + V c , the comparison of ϕ sc solution between the numerical results and the approximation is demonstrated in Fig. 4 . Obviously, the approximation agrees well with the numerical solution.
In the case of linear-injecting contacts, the total resistance R T can be expressed as [12] 
where r ch is the channel resistance per channel length unit. Based on the results of Fig. 3 and the measurements of Fig. 2 , the contact resistance R c and channel resistance R ch with V ds = 0.1 V can be obtained, as shown in Fig. 5 . As can be seen, the channel resistance R ch and contact resistance R c increase as the gate voltage V g is decreased. The inset of Fig. 5 gives the results of V ch and V c , where V ch is the intrinsic channel voltage (i.e., V ch = V ds − V c ). We can find that when V g ≈ 3.25 V, R c = R ch and V c = V ch . When V g < 3.25 V, the contact resistance R c is larger than the channel resistance R ch because V c > V ch . On the other hand, when V g > 3.25 V, the condition of V c < V ch results in R c less than R ch . Therefore, the contact resistance R c has a greater influence on device performance in case of lower gate voltages.
In Fig. 6 , the contact resistance of IZO-TFTs with V d = 0.1 V is calculated by the proposed method, I-V characteristics method [6] , and TLM [12] , respectively. The good agreement confirms the effectiveness of the proposed approach.
As shown in Fig. 7 (a) , the contact resistances with various channel lengths of 10, 20, and 30 µm are obtained under V d = 5.1 V by using the proposed method. It can be seen that the contact resistance R c increases as the channel length L is decreased. In Fig. 7(b) , the contact resistances with L = 15 µm are extracted under V d = 2.6, 7.6, and 10.1 V. As can be seen, R c rises as the V d is decreased.
130 VOLUME 7, 2019 The above results indicate that the contact resistance R c in IZO-TFTs depends on V g , V d , and L [13] . Based on the extraction results, the contact resistance R c can be empirically modelled as
where V T is the threshold voltage, R i , α and β are the fitting parameters. The threshold voltage can be extracted as V T = −0.26V by the linear extrapolation method [23] . From the Eq. (22), we can find that when V d and L are very small, the value of β can be approximated as the resistance intercept of the plot of R T vs. L with V g = V T + 1. Herein, R T can be extracted by TLM. As shown in Fig. 8(a) , we can observe that β = 2.59 × 10 5 V 1.2+aL . Analogously, the parameters α and R i can be respectively estimated by the The extracted process is shown in Fig. 8 (b) , and the results after optimization are given as follows: α = 0.01 µm −1 and R i = 5080 V 0.2+aL . Using these values, back to Fig. 7 , we can see that the model and the extraction results are in a good agreement. Figure 9 shows the model of Eq. (14) accurately predicts the measured transfer and output characteristics of the long channel a-IZO TFTs in a wide range of biases. The physical parameters are given in Table 1 [30] .
However, as depicted in Fig. 10 of black lines, the model results of Eq. (14) overestimate the drain current in short channel a-IZO TFTs, and this can be ascribed to the limited charge injection at the source contact [7] , [8] , [31] . Therefore, in short channel a-IZO TFTs, the contact resistance must be considered in modelling. Substituting (22) with the contact resistance parameters extracted from Fig. 8 , the drain current model with contact resistance can be obtained, which fits measurements well. It indicates that the extraction of contact resistance from the proposed method is useful to characterize MOTFTs. When the channel length varies, the final drain current model considering the contact resistance can accurately predict the measurements in Fig. 11 , with the same set of parameters.
V. CONCLUSION
In this paper, we present a straight-forward and physicalbased method to extract contact resistance. The extraction has important features. First, the contact voltage V c at the source side is calculated, and thus, the contact resistance R c can be analytically obtained. Second, from the extraction results, we find that the contact resistance depends on V g , V d , and L. The nonlinear relationship can be empirically modelled for fitting the behavior of contact resistance with various bias conditions. Lastly, the drain current model considering contact resistance is proposed, which accurately and consistently describes the measurements of MOTFTs with different channel lengths, using the same group of parameters.
